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Abstract— This research details outcomes from a global model 
which estimates future hydrogen penetration into a carbon 
constrained energy system to the year 2050. Focusing on minimum 
and maximum penetration scenarios, an investigation of global 
fuel cell vehicle (FCV) deployment is undertaken, cognizant of 
optimal economic deployment at the global level and stakeholder 
preferences in a case study of Japan. The model is mathematically 
formulated as a very large-scale linear optimization problem, 
aiming to minimize system costs, including generation type, fuel 
costs, conversion costs, and carbon reduction costs, subject to the 
constraint of carbon dioxide reductions for each nation. Results 
show that between approximately 0.8% and 2% of global energy 
consumption needs can be met by hydrogen out to the year 2050, 
with city gas and transport emerging as significant use cases. 
Passenger FCVs and hydrogen buses account for almost all of the 
hydrogen-based transportation sector, leading to a global 
deployment of approximately 120 million FCVs by 2050. 
Hydrogen production is reliant on fossil fuels, and OECD nations 
are net importers – especially Japan with a 100% import case. To 
underpin hydrogen production from fossil fuels, carbon capture 
and storage (CCS) is required in significant quantities when 
anticipating a large fleet of FCVs. Stakeholder engagement 
suggests optimism toward FCV deployment while policy issues 
identified include necessity for large-scale future energy system 
investment and rapid technical and economic feasibility progress 
for renewable energy technologies and electrolyzers to achieve a 
hydrogen economy that is not reliant on fossil fuels.   
Keywords—hydrogen, FCV, stakeholder engagement, 
investment, preference, transport 
I. INTRODUCTION  
To contain global temperature rises to within 2 degrees 
Celsius of pre-industrial levels, the energy system must be 
rapidly decarbonized. If the more ambitious Paris Agreement 
target of 1.5 degree temperature constraint is to be met, the 
global energy system must be carbon neutral by the year 2050. 
Carbon reduction must be undertaken comprehensively, 
incorporating the electricity sector, transportation fuels and the 
use of complementary carbon dioxide (CO2) removal 
technologies, while increasing overall electrification levels [1]. 
The Paris Agreement provides the mechanism for nations to 
reduce their CO2 levels, known as National Determined 
Contributions (NDCs; [2]) which will allow the global energy 
system to reach a peak in carbon emissions in the short term, 
with medium to long term goals of rapid reduction in GHG 
levels, differentiated according to individual nations’ ability to 
reduce emissions over time [3]. 
Moving away from the current fossil fuel dominated energy 
regime will not be simple, and will require a rapid transition 
toward alternative energy sources, prominent among them solar 
and wind power, reputed for their low marginal cost, however, 
having the issue of intermittent supply and a necessity for energy 
to overcome this issue and provide a stable, low carbon energy 
system [4]. Hydrogen is one option for renewable energy storage,  
and more broad uses such as vehicle fuels or chemical 
feedstocks. Hydrogen can assist in overcoming renewable 
energy intermittency issues, as part of the hydrogen economy. 
Hydrogen is not likely to be the single solution for the future low 
carbon energy system, but will be complemented by 
technologies such as carbon capture and storage (CCS) and 
emerging technologies such as Bioenergy with CCS (BECCS) 
and other negative emission technologies [5]. 
This research has three main aims: 1) to estimate the 
potential societal penetration of hydrogen across end uses, 
utilizing a global optimization-based model; 2) to demonstrate 
the impacts of hydrogen penetration on society, focusing on the 
transportation sector (i.e. FCVs and other vehicle types), and 3) 
to contrast model outcomes for the transportation sector with 
stakeholder preferences in the case study nation of Japan. This 
work represents a novel hybrid approach to transportation 
system modelling cognizant of both optimized model outcomes 
and stakeholder preferences. 
The remainder of this paper is divided into the following 
sections: Section II deals with the background, detailing 
previous scholarship on hydrogen deployment for transport, 
storage and industry at the regional and national level, while 
identifying the gaps which are addressed here. Section III 
outlines the methodology used, for the optimization model, 
stakeholder engagement and focus on fuel cell vehicle 
deployment analysis. Section IV details the results for the global 
energy system for 2000 to 2050, including hydrogen production 
sources and end uses, with a strong focus on the transport sector, 
system cost and carbon reduction issues alongside stakeholder 
preferences for future automobile purchase. Section V discusses 
the findings, bringing together model outcomes, policy issues 
and future challenges. Section VI outlines the conclusions. 
II. BACKGROUND 
Previous research has investigated the penetration of 
hydrogen into the future energy system, predominantly by end 
use or by specific sector. This section details pertinent research 
from the transport and industrial sector, storage and regional 
studies, clarifying the novelty of the present study.  
The transport sector has been rigorously studied, considering 
electric and hydrogen fueled vehicles from an economic 
perspective, and in terms of an optimized transport sector [6-8]. 
The potential of electronic vehicles as an alternative to hydrogen 
vehicles, as discussed in this study, demonstrated their potential 
positive impact on decreasing system costs, particularly when 
renewable energy is prevalent [9]. A Malaysian study on the role 
of hydrogen in the future transport system was highlighted as a 
long-term sustainable option [10]. In addition, a study of FCVs 
in New Zealand highlighted their potential to fully displace 
conventional gasoline vehicles, while also highlighting the 
challenges remaining in terms of motor design, system 
configuration and optimization techniques, which when 
overcome could elevate FCVs to a promising alternative 
worldwide [11]. Research which optimizes FCVs according to 
factors such as traction, hydrogen use and energy recovery bode 
well for future FCV development [12], particularly considering 
stakeholders preferences for energy efficiency as identified in 
this study. In terms of transportation relevant to mass transit and 
freight, a study on the potential conversion of railway vehicles 
to a hydrogen or hydrogen-hybrid type demonstrated the 
potential for a 44-60% reduction in energy consumption and a 
commensurate reduction in CO2 emissions of 59-77% [13]. 
In addition, hydrogen use in the industrial sector has been 
evaluated, focusing on hydrogen as a chemical feedstock, 
specifically in terms of syngas, methanol, ammonia and for the 
production of hydrocarbons utilizing the Fischer-Tropsch 
process [14] and theoretical limits of hydrogen blending with 
city gas, identifying a threshold of 30% without the need for 
modified infrastructure [15]. One challenge for hydrogen 
production into the future is the shift away from predominantly 
fossil fuel based production toward more sustainable approaches 
[16]. 
In terms of storage, hydrogen shows promise as a seasonal 
scale storage medium, ameliorating renewable energy 
intermittency and encouraging additional deployment [17]. In 
terms of cost however, battery banks were found to be more 
economically viable when considered for augmentation of the 
current energy system [18]. In terms of optimizing renewable 
energy deployment cognizant of the potential of power to gas 
arrangements, wind power emerges as a potential beneficiary of 
such a system, engendering lower levels of curtailment and 
reduced emissions [19]. This finding is supported by separate 
research which identifies surplus renewable energy (particularly 
wind; [20]) to hydrogen as a potential mechanism for 
environmentally friendly hydrogen as both a fuel and storage 
medium [18]. 
Precedential research has been undertaken at the regional 
level, either within individual nations or across grid-connected 
regions, i.e. those found within Asia or Europe. The current 
study uses an established optimization model known as 
Dynamic New Earth (DNE) which is able to consider the energy 
system at the global level, not just for interconnected regions but 
also regions separated by ocean, reliant on maritime energy 
trade. This model takes into account future carbon reduction 
goals, system costs, including those for energy resources and the 
need for additional infrastructure deployment. On the supply the 
model is cognizant of energy generation capacity factors and 
efficiencies, while on the demand side energy use and 
conversion and imports and exports between regions are also 
accounted for [21]. This study relies on the modelling approach 
seeking an optimal future energy system, cognizant of carbon 
targets, energy policy and technology learning curves for the 
provision of minimum and maximum hydrogen penetration 
scenarios from 2000 to 2050 [22]. 
This research addresses a significant gap in existing work, 
and details a future energy system out to 2050 cognizant of the 
Paris Agreement and regionally differentiated carbon reduction 
targets. The outputs of the model identify the quantity of 
hydrogen produced, the fuels and regions responsible for its 
production, as well as the final use cases. The transport sector is 
the main focus of this research, and the number, type, and region 
of deployment of vehicles (particularly FCVs) is discussed in 
detail. This novel research allows for a consideration of 
optimized energy systems from a cost and technology 
perspective, cognizant of learning curves and emerging 
technologies, while being responsive to stakeholder preferences 
for energy use, the environment, affordability and convenience, 
particularly relevant to the emergence of FCVs as a personal 
transportation option. 
III. METHODOLOGY 
The methodology for this research is conducted in two parts. 
First, the global energy model is described, including the 
detailed assessment of fuel cell and other vehicle deployment. 
Second, stakeholder engagement is undertaken in Japan, a 
nation in which the hydrogen economy is being aggressively 
pursued, to determine stakeholder preferences and reasoning 
for vehicle purchase, now and in the future, providing a contrast 
with global and regional model results. 
A. Global Model 
The global model aims to estimate the quantity of hydrogen 
introduced to the energy system between 2000 and 2050, 
detailing the source and region of production and consumption. 
Focusing on (fuel cell) vehicle deployment, hydrogen-based use 
cases are quantified. To achieve these goals, a global linear 
optimization model is utilized according to the following 
assumptions, policy and technology constraints: 
1) The global model accounts for 82 regions, representative 
of population centers and resource extraction characteristics.  
2) Interaction between regions is cognizant of grid 
connections and international pipelines, as well as the need for 
maritime trading for regions which are not connected. 
3) End uses for hydrogen span across transport (i.e. FCVs), 
city gas blending up to maximum theoretical values [15], as 
well as electricty generation either through direct combustion 
or co- firing with natural gas, and use as a chemical feedstock 
(e.g. methanol synthesis). 
4) Carbon reduction targets out to 2050 are utilized as an 
input for the model, relying on the Representative Pathways 2.6 
(RCP 2.6; [23]), which aligns with Paris Agreement 2-degree 
targets, considering both equal and differentiated OECD and 
non-OECD nation contributions towards these goals.  
5) Learning curves and economic outlooks for renewable 
energy generation and carbon reduction technologies are 
incorporated [24,25], including a specific focus on vehicle costs 
and learning curves [26,27].  
6) Mimum and maximum investigated scenarios consider 
both restricted nuclear deployment cognizant of the recent 
nuclear accident in Japan, World Nuclear Association estimates 
for national deployment levels [28] as well as an unrestricted 
nuclear deployment scenario. 
7) CCS is used, with priority given to storage in depleted 
gas wells and saline aquifers. CO2 which is not sequestered is 
made available for pipeline, land or maritime transport for use 
in enhanced coal bed methane or enhanced oil recovery where 
econmically feasible.  
The global linear optimization model is described generally 
below: 
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is the total system cost at time step t.  
Variables and parameters contained in the model are described 
in Table 1.  
 
 
 
 
 
 
Table 1. Variables and parameters used in the global model.  
Variable Definition 
𝑡𝑡,𝑇𝑇 Time step, number of time steps 
𝑛𝑛,𝑁𝑁 Country index, number of countries 
𝑖𝑖, 𝑗𝑗, 𝑙𝑙, 𝑘𝑘,𝑚𝑚 Indexes of different energy resources 
𝑓𝑓 Fossil fuels (coal, gas, oil, etc.) 
𝑟𝑟 Renewables (solar, wind, hydro, etc.)  
𝑛𝑛 Nuclear (LWR, FBR, HTGR, etc.) 
𝑙𝑙𝑓𝑓 Liquid fuels (gasoline, methanol, etc.) 
𝑔𝑔𝑓𝑓 Gaseous fuels, (hydrogen, methane, etc.) 
𝑥𝑥𝑖𝑖
𝑓𝑓(𝑡𝑡) Amount of fossil fuel type 𝑖𝑖 at time step 𝑡𝑡 
𝑥𝑥𝑗𝑗
𝑟𝑟(𝑡𝑡) Amount of renewable type j at time step 𝑡𝑡 
𝑥𝑥𝑙𝑙
𝑛𝑛(𝑡𝑡) Amount of nuclear type 𝑙𝑙 at time step 𝑡𝑡 
𝑦𝑦𝑘𝑘
𝑙𝑙𝑓𝑓(𝑡𝑡) Amount of liquid fuel type 𝑙𝑙 at time step 𝑡𝑡 
𝑦𝑦𝑚𝑚
𝑔𝑔𝑓𝑓(𝑡𝑡) Amount of gaseous fuel type 𝑙𝑙 at time step 𝑡𝑡 
𝑠𝑠ℎ(𝑡𝑡) Storage type ℎ at time step 𝑡𝑡 
𝑝𝑝𝑖𝑖
𝑓𝑓(𝑡𝑡) Price of fossil fuel type 𝑖𝑖 at time step 𝑡𝑡 
𝑝𝑝𝑗𝑗
𝑟𝑟(𝑡𝑡) Price of renewable type j at time step 𝑡𝑡 
𝑝𝑝𝑙𝑙
𝑛𝑛(𝑡𝑡) Price of nuclear type 𝑙𝑙 at time step 𝑡𝑡 
𝑝𝑝𝑘𝑘
𝑙𝑙𝑓𝑓 Price of liquid fuel type 𝑘𝑘 at time step 𝑡𝑡 
𝑝𝑝𝑚𝑚
𝑔𝑔𝑓𝑓(𝑡𝑡) Price of gaseous fuel type 𝑚𝑚 at time step 𝑡𝑡 
𝑝𝑝ℎ(𝑡𝑡) Price of storage type ℎ at time step 𝑡𝑡 
𝑑𝑑(𝑡𝑡) Final demand at time step 𝑡𝑡 
𝐶𝐶𝑛𝑛(𝑇𝑇) Amount of carbon emission in country 𝑛𝑛 at 
final time step 𝑇𝑇  
𝑐𝑐𝑐𝑐𝑝𝑝𝑛𝑛(𝑇𝑇) Upper limit of carbon emissions in country 
𝑛𝑛 at final time step 𝑇𝑇, calculated by its 
given carbon reduction target 
 
The model optimizes the energy system in terms of total 
system cost and carbon budgets in 10 year time slices, and is 
cognizant of the global energy system from both the supply and 
demand side. Due to the large scale optimization problem 
engendered by the number of nations, fuel types, prices and 
technologies considered over time, IBM ILOG CPLEX 
Optimization Studio is employed in this research.  
The primary energy sources accounted for include fossil 
fuels, i.e. coal, oil, natural gas, and a group of unconventional 
fuels, including heavy crude oil, oil sands and shale oil. Nuclear 
energy types include light water and light water mixed oxide 
(MOX) fueled reactors as well as fast breeder reactors (FBR) 
and high temperature gas cooled reactors (HTGR) including 
MOX varieties. For renewable energy, the model is cognizant of 
solar photovoltaics (PV), wind, geothermal, hydropower and 
biomass (including specific biomass crops, agricultural and 
industrial residues, bagasse and household wastes).  
Secondary energy carriers, while focusing on hydrogen, also 
include methane, methanol, dimethyl ether (DME), oil products, 
carbon monoxide and electricity. Final energy demands are met 
using solid, liquid and gaseous fuels and electricity, meeting 
daily energy demands in line with seasonal fluctuations. In 
assessing energy system costs, in addition to the primary, 
secondary and final energy demands, raw material costs, 
transportation costs and production costs for each region, 
cognizant of losses are calculated.  
The impacts and feasibility of CCS and energy storage 
media (including pumped hydro, battery storage and 
compressed air storage) are assessed regionally, accounting for 
cost and deployment limits [22].  
The focus of this study is the transportation sector, 
specifically the potential penetration of FCVs into the future 
energy system. The assumptions used for vehicle costs refer to 
projections in price differentials between conventional gasoline 
hybrid vehicles and FCVs [29]. 
B. Stakeholder Engagement and Case Study 
Stakeholder engagement is undertaken considering two key 
aspects affecting vehicle deployment; perception of automobile 
types from the aspects of energy efficiency, environment and 
accessibility to refueling infrastructure and affordability, and, 
opinions on the types of cars people are likely to buy, now and 
10 years in the future. 
The survey of perception and purchase choice was 
undertaken via internet survey in Japan in February 2019. The 
representative sample size was 5,000, including people over the 
age of 20 with a driver’s license, balanced across region, gender 
and age group. 
Perception was measured toward the factors of energy 
efficiency, environment, accessibility and affordability on a 4 
point scale; ‘good’, ‘moderate’, ‘bad’ and ‘don’t know’. 
Purchase choice was measured across the three options of 
‘would consider buying’, ‘Would need more research before 
considering buying’, and ‘would not consider buying’. A follow 
up question was asked using the same scale for 10 years in the 
future, under the assumption that refueling infrastructure had 
progressed considerably. 
The research design allows for both a quantitative evaluation 
of global energy system outcomes under varying energy 
scenarios and a qualitative evaluation of automobile perceptions 
and purchasing choices in an energy system transitioning to low 
carbon options including renewable energy and hydrogen. Fig. 
1 details the quantitative model flows and focus of this study, 
along with linkages to the qualitative investigation in Japan 
focusing on automotive applications and stakeholder 
engagement. 
 
Fig. 1. Model nodes, primary and secondary energy types, final demand 
including automotive applications and stakeholder engagement in 
Japan 
IV. RESULTS 
Results of this study are divided into four sub-sections for 
ease of understanding, beginning with 1) Global energy system 
composition under maximum and minimum hydrogen 
penetration scenarios, 2) Resultant hydrogen production sources 
and consumption end uses, focusing on (fuel cell) vehicle 
deployment, 3) Energy system economic and contributions from 
alternative carbon reduction technologies, and 4) Stakeholder 
perceptions and purchase choice outcomes. 
A. Global Energy System Composition Under Maximum 
and Minimum Hydrogen Penetration Scenarios 
The two scenarios presented in this research are the 
maximum and minimum hydrogen penetration scenarios, as 
detailed in [22]. For the maximum hydrogen penetration 
scenario, city gas blend level is set to a 30% H2/City Gas ratio, 
nuclear power deployment is restricted in line with national 
policies and carbon targets are differentiated between OECD 
(80% CO2 reduction required by 2050) and non-OECD (60% by 
2050) nations, representing differentiated carbon reduction 
goals, according to development level [3]. For the minimum 
hydrogen penetration scenario, the city gas blend level is 
reduced to a conservative 5% level, nuclear power deployment 
is unrestricted and carbon targets are identical for OECD and 
non-OECD nations, set to a 65% reduction of CO2 by 2050. 
Between the year 2000 and 2050, we note a shift in energy 
sources, notable a strong move away from fossil fuels (i.e. coal, 
oil and natural gas), in preference for low-carbon generation 
options such as nuclear power (LWR, MOX, FBR and HTGR, 
which can produce hydrogen without the need for electrolysis) 
and renewables, which are dominated by hydro, wind, solar and 
biomass technologies.  
For the maximum hydrogen penetration case (Fig 2a.) FBR 
and HTGR technologies do not emerge due to restrictions on 
nuclear power deployment, while for the minimum hydrogen 
penetration case (Fig 2b.) we note the emergence of FBR nuclear 
power from 2030 and LWR-MOX and HTGR technologies 
from 2040 onwards. 
Although Fig. 2 details a significant overall increase in 
nuclear power generation out to 2050, this is predominantly 
observed in non-OECD nations, while for OECD nations the 
total contribution from nuclear power in 2050 is only 
approximately 1% of power generation for the maximum 
penetration case (Fig. 2a), while nuclear power’s contribution to 
overall generation is increased for all nations under the 
minimum hydrogen penetration, unrestricted nuclear scenario 
(Fig. 2b). 
 
 
Fig. 2. Model results for power generation sources from 2000-2050 for (a) 
maximum hydrogen, and (b) minimum hydrogen penetration cases 
 
B. Hydrogen Production Sources and End Uses 
It is also possible to analyze in detail the source and end uses 
of hydrogen. For the maximum hydrogen penetration scenario, 
we note that the majority of hydrogen comes from the fossil fuel 
sources of natural gas, coal and oil, with a moderate contribution 
from biomass (Fig. 3a). For the minimum scenario, nuclear 
energy underpins the future hydrogen scenario (Fig. 3b).  
 
 
Fig. 3. Hydrogen production sources and use cases for the year 2050 as 
determined by the global model for (a) maximum and (b) minimum 
penetration scenarios 
 
For the maximum hydrogen penetration case, hydrogen is 
produced in both OECD (170.9 megatons of oil equivalent 
(MTOE)) and non-OECD (86.3 MTOE) nations, however the 
vast majority (approximately 87%) is used in OECD nations. 
For the minimum penetration scenario the production and 
consumption of hydrogen is more even between the two regions, 
with a share of 35%/65% for production and 42%/58% for 
consumption for OECD and non-OECD nations respectively. 
Considering both scenarios, Japan is a special case with very 
high hydrogen use in their future energy system. For the 
maximum penetration case, in 2050 Japan consumes 
approximately 41% of global hydrogen (106 MTOE),relying 
exclusively on imports. For the minimum scenario, a total of 17 
MTOE of hydrogen (~16% of global hydrogen) is consumed in 
Japan, exclusively coming from HTGR nuclear reactors. 
 As shown in Fig. 3, the transport sector is a preferential use 
case in both the maximum and minimum scenarios in 2050. A 
key focus of this research is the makeup of the transport sector 
and the types of vehicles deployed in each region. For the 
maximum penetration scenario, transport accounts for 59.9 
MTOE, made up of 33.1 MTOE for passenger vehicles, 15.2 
MTOE for hydrogen buses and 11.6 MTOE for hydrogen based 
freight applications. Under the minimum hydrogen penetration 
scenario, transport accounts for the majority of hydrogen usage 
(due to direct derivation of electricity from nuclear power) and 
use cases are again dominated by passenger vehicles (46.4 
MTOE) and buses (15.2 MTOE), followed by freight 
applications (8.5 MTOE). It is of note that the bus use case 
appears to be saturated in both scenarios. 
 In terms of passenger transportation, by 2050, the previously 
gasoline and gasoline hybrid dominated world markets shift to a 
(a) 
(b) 
(a) 
(b) 
market breakdown of gasoline hybrids, passenger FCVs and 
FCV buses in the ratio of 85.3%/11.1%/3.6% for the minimum 
penetration scenario and 88.8%/7.7%/3.5% for the maximum 
penetration scenario. Passenger FCVs emerge from 2040, the 
same year in which gasoline passenger vehicles are phased out. 
C. System Costs and Complementary Carbon Reduction 
Technologies  
 The estimate contribution of hydrogen to the future energy 
system in this research reaches a maximum level of 2% by 2050. 
This estimate is considerably smaller than the ambitious 18% 
penetration goal set by the Hydrogen Council [30].  
 To achieve the maximum estimated 2% hydrogen 
contribution to the future energy system while achieving Paris 
Agreement carbon reduction targets has significant implications 
for system costs and CCS deployment requirements. The overall 
energy system cost (i.e. the sum of fixed and variable costs) 
increases in excess of six times over the investigated period (Fig. 
4). These increases are largely due to the necessity for expensive 
carbon reduction options such as CCS to meet carbon reduction 
targets. From an economic standpoint, not all cost increases are 
considered negative, and some nations will benefit in terms of 
new employment opportunities emerging from additional 
industrial activity. 
 
 
Fig. 4. Energy system costs (Trillion US$) 2000-2050 for the (a) 
Maximum, and (b) Minimum hydrogen penetration scenarios 
 
The maximum hydrogen penetration scenario is the most 
expensive overall, growing to 13.1 trillion US dollars by 2050, 
compared to 12.9 trillion us dollars for the minimum penetration 
scenario. For both scenarios between 2000 and 2050, the non-
OECD system costs grow by approximately nine times, 
compared to approximately four times for the OECD system 
costs, demonstrating the rapid growth of the non-OECD nations’ 
energy system. A large portion of these costs is for CCS. The 
total deployment of CCS required to meet carbon reduction 
goals by 2050 is required to account for approximately 53% of 
total emissions (3902  megatons of CO2) for the minimum and 
approximately 58.4% of total emissions (4931 megatons of CO2) 
for the maximum hydrogen penetration scenario. 
D. Stakeholder Engagement Outcomes 
In addition to quantitative energy system model results, 
building on the optimized future energy system deployment 
estimate for vehicles, stakeholder input provides additional 
evidence for a changing energy system. In this case we focus on 
Japan, as the major world user of hydrogen in our maximum 
penetration scenario, dependent on current world policies and 
carbon targets.  
The first aspect of stakeholder engagement; vehicle 
perception and the likelihood of purchase is detailed in Fig. 5 for 
the six prominent vehicle types in Japan; Gasoline, Hybrid, 
Plug-in Hybrid, Diesel, Battery Electric Vehicle (BEV) and Fuel 
Cell Vehicle (FCV). 
 
Fig. 5. Japanese consumer perceptions of passenger vehicles by type 
 
According to stakeholders, gasoline and diesel vehicles are 
considered among the most affordable and accessible, yet the 
least environmentally friendly or efficient among the six 
investigated vehicle types. Hybrid vehicles were considered less 
affordable yet scored higher in terms of accessibility, 
environmental friendliness and energy efficiency. BEV, plug-in 
hybrid and FCV’s scored similarly high scores for efficiency, 
environmental friendliness, although they were considered the 
least affordable among types. While plug-in hybrids scored 
relatively highly in terms of accessibility to refueling (likely due 
to being able to use both electricity and gasoline), this was not 
the case for FCV or BEV’s. Considering the number of ‘don’t 
know’ responses received, we can ascertain that stakeholders’ 
familiarity with BEV’s, plug-in hybrids and FCV’s was lower 
(a) 
(b) 
than for other types, with FCV’s the lease well understood 
among stakeholders.. 
Purchase likelihood, incorporating stakeholder views on 
vehicle properties is detailed in Fig. 6, detailing current views in 
panel a, and future views (circa 2030) in panel b. 
 
 
Fig. 6. Japanese consumer preferences for likelihood of vehicle purchase for 
(a) current vehicle performance and refuelling infrastructure, and (b) 
2030, following improvements in vehicle performance and refuelling 
infrastructure 
For current purchase preferences, the most popular choices 
are dominated by gasoline and hybrid vehicles. Followed by 
plug-in hybrids, BEV’s, diesel vehicles and FCV’s. Of the 
vehicles which stakeholders would not consider in their 
purchase choice, diesel was most strongly opposed followed by 
FCV’s and BEV’s (Fig. 6a). Considering their purchase 
preference in 10 years’ time, under the assumption that refueling 
issues had been resolved and vehicle performance improved, we 
note that BEV and FCV’s improve markedly as a purchase 
option. BEV’s become preferable to plug-in hybrids, and FCV’s 
improve their appeal overall, with less people preferring 
gasoline vehicles under these assumptions (Fig. 6b). 
V. DISCUSSION AND IMPLICATIONS 
In our global investigation, hydrogen has the potential to 
account for between 0.8% and 2% of global energy 
consumption, however within this quantity, hydrogen is 
particularly prominent within the transportation sector.  
Focusing on the maximum penetration scenario, globally, 
hydrogen is estimated to underpin approximately 7.5%  of 
transport sector energy consumption by 2050. Within the 
passenger vehicle market, hydrogen will provide approximately 
13.5% of passenger kilometers by 2050 (the remaining 86.5% is 
made up predominantly of gasoline and gasoline-hybrid 
passenger cars). This level of hydrogen penetration of the 
transports sector leads to a the replacement of gasoline and 
hybrid passenger vehicles with approximately 120 million 
hydrogen passenger cars (deployment rates vary, depending on 
the region). 
The deployment of passenger FCVs occurs mostly within 
OECD nations, which are generally richer and more developed 
than their non-OECD counterparts. Fig. 7 demonstrates this 
result, showing that OECD nations make up approximately 74% 
of the anticipated deployment by 2050, dominated by the strong 
hydrogen use case nation of Japan, North America and Western 
European nations. Non-OECD nations are represented 
predominantly by China and South East Asia. Building on the 
hydrogen penetration result, it is possible to estimate regional 
vehicle deployment numbers for the year 2050, taking into 
account average vehicle occupancy and annual travel distances 
for each region [31].  
 
 
Fig. 7. (a) Regional hydrogen distribution (% of total global MTOE) for 
transportation, and (b) FCV regional deployment numbers in 2050 
Although Japan’s share of the global hydrogen 
transportation quanta is lower than that of other regions, due to 
the relatively low amount of kilometers travelled by each vehicle 
(approximately one-third of their US counterparts), the overall 
number of FCVs is highest in Japan by 2050, approximately 
37.3 million vehicles. Currently in Japan, approximately 78.1 
million passenger vehicles are in use, meaning that hydrogen 
will play a decidedly prominent role by the year 2050. For other 
(a) 
(b) 
(a) 
(b) 
OECD nations, Western Europe deploys approximately 30 
million, and North America 20.4 million FCVs by 2050. For 
non-OECD nations, the South East Asia region deploys 
approximately 20.2 million, while China deploys approximately 
12.2 million FCVs by 2050.  
Advances in vehicle technology means that FCVs are 
already in the market, and are rapidly improving their efficiency 
and affordability [32]. Currently, there are approximately 
11,200 FCVs in operation globally, with projection suggesting 
an increase to approximately 2.5 million vehicles within the next 
ten years [33]. By 2050, we anticipate in excess of 120 million 
FCVs in the market, and this level of deployment will require 
sustained and increased deployment rates post-2030, reflective 
of improving affordability and competitiveness with traditional 
vehicle types. 
To enable such a large deployment of FCVs in the future 
transport sector, additional investment in hydrogen 
infrastructure is required, particularly with regard to storage, 
distribution and refueling infrastructure. In addition, hydrogen 
importing nations (i.e. Japan) will need to construct and 
maintain a maritime import-export network. Fig. 3a, which 
detailed the maximum penetration scenario showed that the 
majority of hydrogen is being produced from fossil fuel sources, 
however Japan, which is likely to import all of their future 
hydrogen may be able to offset their own CO2 emissions and 
realize a low carbon transport sector, while producer nations 
realize economic benefits at the expense of the environment.  
The balance of hydrogen production and consumption is also 
of note. While non-OECD nations produce approximately one-
third of global hydrogen needs in 2050, they consume only one-
tenth, exporting 69% of this to OECD nations, underpinning a 
significant portion of the FCV deployment estimated in this 
study. 
In addition to the identified strong role for hydrogen in terms 
of passenger cars, by the year 2050 hydrogen also contributes 
moderately to the mass transportation sector, leading to the 
deployment of FCV buses. FCV passenger car and bus 
efficiencies and costs are derived from publicly available fuel 
cell data from Toyota Motor Corporation (as used in the Mirai 
FCV). 
Taking into account Japanese stakeholder preferences 
toward future car purchases, we observe a growing trend toward 
consideration of FCV vehicle purchase, to approximately one-
third of stakeholders by 2030, compared to less than one-fifth of 
stakeholders in 2019. Should this growing acceptance of FCV’s 
be maintained, and promised infrastructure and performance 
improvements eventuate, a fleet consisting of approximately 
50% FCV’s by 2050 in Japan is an ambitious, yet not 
unreasonable projection, especially considering complementary 
research outcomes for other regions [10,11]. Hybrid vehicle 
preferences remain strong throughout the tested time periods in 
Japan, and the assumption that gasoline-hybrid vehicles will 
continue to play a strong role, at the expense of gasoline vehicles 
appears sound. 
Although the model outcomes represent an optimized energy 
system in terms of total system cost and achieving the Paris 
Agreement CO2 reduction targets, there are some 
complementary outcomes in terms of stakeholder preferences. 
We note in the results (Fig. 5) that stakeholders are very 
optimistic about the environmental and energy efficiency 
aspects of FCV’s. These perceptions are borne out in 
comparative studies of FCV and internal combustion engine 
vehicles, noting that overall FCV’s maintain an advantage in 
terms of CO2 per km and overall energy efficiency [34]. Due to 
these advantages, and in line with anticipated learning curves for 
FCVs, by 2050, it is predicted that that FCV affordability will 
be superior to that of gasoline vehicles, perhaps allaying the 
concerns expressed by stakeholders with regard to FCV cost.  
When considering the minimum hydrogen penetration 
scenario, we note that although the quantity of hydrogen 
allocated to transport increases overall, the global energy system 
shifts to a local production and consumption approach – largely 
due to non-preferential carbon reduction targets for non-OECD 
nations. Under this arrangement, even Japan produces all of its 
own hydrogen from HTGR nuclear facilities, however, a much 
smaller quantity is therefore used in Japan (17.1 MTOE vs 106 
MTOE for the maximum scenario). The non-preferential carbon 
reduction targets mean that import does not occur, and no 
hydrogen is allocated to passenger transportation, except for 
FCV buses at the same level as the maximum scenario (see Fig. 
8). 
 
 
Fig. 8. Japanese hydrogen penetration scenarios (a) Maximum penetration 
reliant on imports, and (b) Minimum penetration, underpinned by domestic 
supply. Units are in MTOE. 
(a) 
(b) 
Considering both scenarios, of outstanding concern is the 
requirements for CCS in order to meet CO2 reduction targets. 
Cognizant of potential stakeholder concern toward CCS projects, 
and the long period required to commercialize pilot-scale 
projects, it is uncertain that by 2050 CO2 reduction targets can 
be met utilizing the current suite of technologies and CCS alone. 
In order to reduce the reliance on CCS noted in the model 
outcomes, significant progress is required for alternative 
technologies including electrolyzers and renewable energy 
generation. Should this suite of technologies not be able to meet 
emission reduction targets, emerging technologies which offer 
negative emissions such as Bio-Energy with Carbon Capture 
and Storage (BECCS) or direct air capture (DAC) technologies 
may also need to be incorporated.  
VI. CONCLUSIONS 
This research elucidates a significant role for hydrogen in the 
future energy system, focusing on the transport sector, yet 
cognizant of a range of sectors including city gas, chemical 
feedstocks and direct firing for electricity generation. At the 
global scale, we estimate that hydrogen will account for between 
approximately 0.8% and 2% of global energy consumption, with 
the majority consumed in OECD nations. For the maximum 
penetration scenario, a city gas blend incorporating the 
theoretical limit of 30% hydrogen is the majority end use case, 
followed by the transportation sector. For the minimum 
penetration scenario,  transportation is overwhelmingly the 
largest use case, dominated by passenger FCVs for both 
scenarios.  
There are several policy issues which need to be addressed 
in light of global and regional carbon reduction goals. The 
rapidly increasing energy system cost is a major issue, 
particularly for non-OECD nations who are rapidly modernizing. 
A significant part of these cost increases come from 
infrastructure costs for both hydrogen and CCS requirements, 
which are additional to current system costs. Secondly, the 
differentiation of carbon reduction targets causes an unforeseen 
issue whereby non-OECD nations with a more relaxed CO2 
reduction regime are able to produce hydrogen for OECD 
nations using fossil fuel sources, creating some perverse policy 
incentives which need to be addressed if CCS and hydrogen are 
to play a strong future role in meeting these targets. A potential 
solution to this issue is the improvement of the efficiency and 
cost of electrolysis technologies, coupled with further reductions 
in renewable energy costs in order to engender local production 
and consumption of hydrogen. 
Although the level of hydrogen anticipated in this research 
is modest, the level of contribution in certain sectors, notably 
transportation, and toward carbon reduction is significant. In 
order to expand the role for hydrogen, exogenous stimuli are 
likely required, in the form of subsidies and preferential 
industrial treatment for related industries. 
The incorporation of stakeholder engagement alongside 
global energy system modeling in the case study nation of Japan 
offers additional insights on the future deployment of passenger 
vehicles in a high hydrogen use scenario. Stakeholders are 
concerned about efficiency, environmental, cost and 
infrastructure accessibility when making future vehicle 
purchases. For a nation dependent on foreign imports for fuel, 
reducing CO2 levels through the import of hydrogen is a likely 
future strategy for the Japanese government, able to reduce 
emissions and in tandem with future technological progression, 
meet reasonable cost levels.  
The findings for Japan have relevance for other future 
hydrogen transport using regions identified in this study, among 
them North America, Western Europe, China and South East 
Asia. 
As the model employed in this research is under constant 
development, some limitations are apparent, i.e. the model is not 
cognizant of all possible end-uses of hydrogen, particularly 
emerging solid oxide fuel cell (SOFC) deployment, or its use in 
steel reformation. Further, while the model is cognizant of 
several passenger vehicle types, plug-in hybrids are not 
considered at this stage. 
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